T cells developing in the thymus undergo rigorous positive and negative selection to ensure that those exported to peripheral lymphoid organs bear T-cell receptors (TCRs) capable of reacting with foreign antigens but tolerant of self. At each checkpoint, whether a thymocyte survives or dies is determined by antiapoptotic and proapoptotic Bcl-2 family members. We used Mcl-1 transgenic (tg) mice to investigate the impact of elevated expression of antiapoptotic Mcl-1 on thymocyte apoptosis and selection, making a side-by-side comparison with thymocytes from BCL-2tg mice. Mcl-1 was as effective as Bcl-2 at protecting thymocytes against spontaneous cell death, diverse cytotoxic insults and TCR-CD3 stimulation-driven apoptosis. In three different TCR tg models, Mcl-1 markedly enhanced positive selection of thymocytes, as did Bcl-2. In H-Y TCR tg mice, elevated Mcl-1 and Bcl-2 were equally effective at inhibiting deletion of autoreactive thymocytes. However, in the OT-1tg model where deletion is mediated by a peripheral antigen whose expression is regulated by Aire, Mcl-1 was less effective than Bcl-2. Thus, the capacity of Mcl-1 overexpression to inhibit apoptosis triggered by TCR stimulation apparently depends on the thymocyte subset subject to deletion, presumably due to differences in the profiles of proapoptotic Bcl-2 family members mediating the deletion.
T cells developing in the thymus are submitted to rigorous selection procedures. 1 Early cortical thymic progenitors (known as double-negative (DN) thymocytes because they do not express either the CD4 or CD8 coreceptor) undergo rearrangement of the T-cell receptor (TCR)b gene locus and those achieving a functional rearrangement express a pre-TCR (composed of the TCRb chain associated with the invariant pre-Ta chain). Signalling through this pre-TCR complex promotes survival and continued differentiation of the CD4/CD8 double-positive (DP) stage, whereupon TCRa gene rearrangement commences. Productive TCRa rearrangement enables expression of surface-bound abTCR along with the attendant CD3 signalling complex. DP thymocytes with TCRs that fail to engage major histocompatibility complex (MHC)-peptide complexes (the majority) die 'by neglect' within a few days. In contrast, those that bear TCRs capable of binding MHC-peptide complexes receive a survival and differentiation signal ('positive selection') and migrate to the thymic medulla 2 to mature into MHC class I-restricted CD8 single-positive (CD8SP) or MHC class II-restricted CD4SP thymocytes. Further selection then takes place, to prevent self-reactive T cells exiting the thymus to peripheral lymphoid organs. Thymocytes that express TCRs that bind MHC-peptide ligands with an inappropriately high avidity undergo 'negative selection', primarily by induction of apoptosis, although other mechanisms such as anergy and receptor editing are thought to contribute. 3 Notably, medullary epithelial cells expressing the transcriptional regulator Aire (autoimmune regulator) produce a broad range of peripheral tissue antigens for presentation to the maturing thymocytes and thereby extend the scope of negative selection. 4 At each of the checkpoints, thymocyte life or death is primarily determined by the balance between opposing factions of the Bcl-2 protein family, which associate at the outer mitochondrial membrane to regulate 'intrinsic' or stressinduced apoptosis. 5 If the Bcl-2 pro-survival family members prevail, mitochondrial membrane integrity is preserved. If, however, proapoptotic relatives known as BH3-only proteins are induced, they bind tightly to the hydrophobic groove on the surface of the pro-survival proteins, preventing them from neutralising other proapoptotic relatives, Bax and Bak (which have multiple BH-(Bcl-2 homology) domains). As a consequence, Bax and Bak homo-oligomerize, provoking permeabilisation of the outer mitochondrial membrane, release of cytochrome c into the cytoplasm and activation of caspases, which trigger apoptosis by cleaving vital cellular proteins.
The prominence of individual pro-survival Bcl-2 family members varies during thymocyte development. Although Bcl-2 is higher in DN and SP cells than in DP thymocytes, 6, 7 the inverse is true for Bcl-x L 8 and perhaps also for A1 9 (see, however, Verschelde et al. 10 ). Mcl-1 is expressed at comparable levels in all of these cell subsets. 11 Bim is the BH3-only protein most critical for thymocyte deletion: thymocytes lacking Bim were refractory to apoptosis induced by stimulation with CD3 antibodies and Bim deficiency in transgenic (tg) mice expressing autoreactive TCRs severely impaired thymocyte apoptosis. 12, 13 Studies using tg mice showed that overexpression of Bcl-2 [13] [14] [15] [16] or Bcl-x L 8 enhanced the survival of thymocytes (and mature T cells) exposed to diverse cellular stresses. Selfreactive T cells did not accumulate in the peripheral lymphoid organs of these tg mice, but whether deletion of autoreactive thymocytes had been impaired was more controversial. One group, 14, 15 but not another, 16 concluded that deletion of thymocytes reactive to self-superantigens was impeded by overexpression of Bcl-2. In another model, overexpression of Bcl-2 was found to reduce the deletion of self-reactive thymocytes, 12, 15 whereas overexpression of Bcl-x L did not. 8 Mcl-1, the most divergent pro-survival protein, has a distinctive interaction profile with its proapoptotic relatives. Similar to all pro-survival Bcl-2 family members, it binds the BH3-only proteins Bim, tBid and Puma with high affinity. However, similar to A1, it also binds strongly to Noxa, but fails to bind to Bad, whereas the opposite holds for Bcl-2, Bcl-x L and Bcl-w. 17, 18 Furthermore, Mcl-1 restrains activation of the multi-domain Bak protein but Bcl-2 does not. 19, 20 Mcl-1 is essential for thymocyte survival at both the DN and SP stages but shows functional redundancy with Bcl-x L at the DP stage. 11, 21 It was recently shown that Mcl-1-deficient thymocytes die largely due to a Bak-specific mechanism and cannot be rescued by Bcl-2 overexpression. 22 This observation raised the possibility that overexpression of Mcl-1 might affect thymocyte survival and development differently than overexpression of Bcl-2.
To investigate this possibility, we have used the same tg vector to compare the impact of elevated Mcl-1 and BCL-2 protein on thymocyte apoptosis following exposure to cytotoxic agents and explored the consequences for positive and negative thymic selection in three different TCR tg mouse models.
Results
Elevated Mcl-1 protects thymocytes under diverse cytotoxic conditions. The FLAG-tagged tg mouse Mcl-1 protein was readily detected in DP, CD4SP, CD8SP and DN thymocytes from vavP-Mcl-1tg (hereafter Mcl-1tg) mice 23 ( Figure 1a ) and each of these populations showed enhanced survival when cultured in vitro in medium lacking cytokines, as did those from vavP-BCL-2 tg (hereafter BCL-2tg) mice, which express high levels of human BCL-2 protein (Figure 1b) . Overexpression of Mcl-1 increased the resistance of DP thymocytes, to g-irradiation, 23 etoposide, phorbol 12-myristate 13-acetate (PMA), ionomycin and dexamethasone ( Figure 1c ). Their resistance under these conditions was comparable to that of DP thymocytes from BCL-2tg mice, except for dexamethasone treatment where resistance was more durable for the BCL-2 overexpressing cells.
Western blot analysis (Figures 2a-e) showed that, before treatment, the levels of certain BH3-only proteins, notably Bim, Bmf and Puma, were higher in thymocytes from Mcl-1tg than wild-type (WT) mice, presumably because higher Mcl-1 levels preserve cells that would otherwise die due to elevated BH3-only proteins and/or because sequestration of these BH3-only proteins by Mcl-1 retards their degradation, as previously observed in cells overexpressing BCL-2. 24, 25 Following exposure to cytotoxic agents, the level of BH3-only proteins increased in both WT and Mcl-1tg thymocytes, in a pattern consistent with previous findings. 26 Thus, for the DNA-damaging agent etoposide, there was a marked increase in Puma, Bim and Noxa (Figures 2b and f) ; for PMA, an increase in Bim and Puma; for ionomycin, an increase in Bim and Puma proteins and Noxa RNA; and for dexamethasone, an increase in Bim (Figure 2e ). For WT thymocytes, each of the cytotoxic agents provoked a major shift in the mobility of endogenous Mcl-1 by 24 h, presumably reflecting modification and/or degradation. 27 In the Mcl-1tg thymocytes, however, the level of intact Mcl-1 stayed high over the course of treatment with most agents, presumably accounting for the improved viability despite the increase in BH3-only proteins. Exposure to dexamethasone, in contrast, resulted in a decrease in Mcl-1 within 24 h, explaining the greater sensitivity of the tg cells to this agent. When the Mcl-1tg thymocytes were treated with dexamethasone in the presence of the pan-caspase inhibitor QVD-OPH, however, Mcl-1 levels remained high for 48 h (Supplementary Figure 1) , suggesting that degradation is a downstream consequence of caspase activation.
Mcl-1 overexpression increases resistance to CD3 antibody-induced apoptosis. To determine whether Mcl1tg thymocytes were resistant to TCR stimulation-mediated deletion, we first tested their sensitivity to apoptosis triggered by CD3 antibody-induced aggregation of the TCR-CD3 complex. In vitro stimulation of thymocytes with plate-bound antibodies to CD3 (or CD3 plus CD28) showed that DP thymocytes from Mcl-1tg mice survived significantly better than those from WT mice and that the resistance of the Mcl1tg thymocytes was similar to that of BCL-2tg thymocytes (Figures 3a and b) . The less-effective protection provided by the Mcl-1tg than the BCL-2tg to the stronger apoptotic signal delivered by anti-CD3 plus anti-CD28 seems likely to be due to the lower level of the tg protein achieved with the former (B2-4-fold; see Materials and Methods).
To more closely approximate physiological deletion of selfreactive thymocytes, we next determined the response to in vivo treatment with antibodies to CD3 (Figures 3c and d) . As expected, injection of CD3 antibodies significantly depleted thymocytes in WT mice: after 40 h, thymus weight was reduced to 51% and DP thymocytes were depleted to 18% compared with controls. In contrast, a-CD3-injected Mcl-1tg mice retained 71% of thymus weight and 53% of DP thymocytes relative to controls. This rescue was comparable to that observed for BCL-2tg mice where 50-70% of DP thymocytes remained viable compared with controls ( Figure 3 and Bouillet et al. 12 ). Bim is the major trigger of apoptosis induced by CD3 antibody 12 and, accordingly, thymocytes from mice injected with a-CD3 showed increased Bim levels by 18 h (Figure 3e ). As noted above, the basal level of Bim was higher in Mcl-1 overexpression protected DP thymocytes against apoptosis induced by 1 mg/ml etoposide, 10 ng/ml PMA, 1 mg/ml ionomycin or 1 mM dexamethasone. Cell viability was calculated relative to the viability of cells cultured in medium alone (see Figure 1b) to show stimulus-specific apoptosis. WT (black line, n ¼ 6-9), Mcl-1tg (grey line, n ¼ 5-9), BCL-2tg (broken grey line, n ¼ 2 À 4). Points represent mean ( ± S.E.M.). Under the conditions tested, the Mcl-1tg and BCL-2tg conferred statistically comparable protection against etoposide. PMA and ionomycin at each time point, with the exception of ionomycin treatment for 72 h, where the BCL-2tg was more protective (Pr0.05). In contrast, the Mcl-1tg was not as protective as the BCL-2tg against dexamethasone (t ¼ 24, 48, 72 h, Po0.001) Student's t-test. Thymocytes were labelled with fluorochrome-conjugated antibodies and sorted before culture. Viable cells (negative for PI and annexin V) were enumerated by flow cytometry at the times indicated thymocytes from Mcl-1tg mice compared with those of WT mice and accumulated at much higher levels following TCR-CD3 signalling. Thus, the increased level of Mcl-1 achieved by transgene expression suffices to counteract the apoptosis normally induced by upregulation of Bim.
Overexpression of Mcl-1 alters the selection of autoreactive thymocytes. To explore whether the Mcl-1 transgene could confer protection against apoptosis induced by TCR overstimulation in more physiological settings, we turned to three well-established tg models of in vivo thymocyte deletion.
In the H-Y TCRab tg (hereafter H-Ytg) mouse, most thymocytes express a TCRab that recognises the male H-Y antigen presented by class I MHC H2-D b molecules. 28 In female C57BL/6 H-Ytg mice, thymocytes expressing the tg TCR are positively selected to become mature CD8SP T cells that are exported to the periphery. In male mice, however, as soon as thymocytes express the H-Y TCR (during the DN to DP transition), they interact with MHC complexes presenting the ubiquitous H-Y antigen, causing a strong TCR signal that induces their deletion by Bim-mediated apoptosis. 12 We crossed Mcl-1tg and BCL-2tg mice with H-Ytg mice and compared thymocyte populations in male and female progeny at 6-8 week.
In females, the number of H-Y TCR þ thymocytes was significantly higher in both Mcl-1tg/H-Ytg and BCL-2tg/H-Ytg mice than in control H-Ytg mice ( Figure 4a and Table 1 ), Figure 2 Mcl-1 levels correlate with thymocyte viability. (a-e) Western blot analysis (20 mg protein) of lysates of thymocytes from WT or Mcl-1tg mice cultured in vitro for indicated times with (a) medium alone, (b) 1 mg/ml etoposide, (c) 10 ng/ml PMA, (d) 1 mg/ml ionomycin or (e) 1 mM dexamethasone. Data are representative of three independent experiments each performed with thymocytes from one mouse of each genotype. Supplementary Table S1 shows quantification of protein levels. (f) Q-PCR analysis of Noxa mRNA expression after culture for 6 h under the conditions described in (a-e). The data are expressed relative to b-actin and the untreated sample for the same genotype. Bim was the only other gene tested that showed significant transcriptional activation at 6 h, and only in Mcl-1tg thymocytes in response to dexamethasone (B4-fold) (data not shown) presumably reflecting enhanced positive selection. Interestingly, there were increased numbers of mature H-Y TCR þ CD8SP thymocytes in Mcl-1tg/H-Ytg females, but not in BCL-2tg/H-Ytg females ( Figure 4b and Table 1 ). This difference may reflect the decreased size of the DP population in the latter (Table 1) , a still poorly understood consequence of overexpression of Bcl-2 29 or a specific effect of Mcl-1 overexpression on CD8SP survival. In the spleen, however, the increase in H-Y TCR þ CD8 þ T cells was comparable between Mcl-1tg/H-Ytg and BCL-2tg/H-Ytg females (Table 2) , suggesting either that comparable numbers of H-Y T cells are ultimately exported from the thymus or that BCL-2 is more effective than Mcl-1 in enhancing the survival of CD8 T cells once they reach the periphery. Table 2) . The H-Y TCR þ T cells that had escaped thymic deletion in male mice overexpressing Mcl-1 or BCL-2 had reduced levels of the CD8 coreceptor compared with those in WT mice (data not shown), similar to the phenotype of H-Y TCR þ T cells observed in the spleen and lymph nodes of Bim À / À H-Ytg male mice.
12
Mcl-1 overexpression alters the selection of thymocytes reactive to tissue-restricted autoantigens. To extend these findings into a system where deletion occurs at the DP-to-SP transition, where most negative selection is thought to occur under physiological conditions, we next tested a model of thymic deletion to a peripheral neo-selfantigen affected by Aire. 31 RIP-mOVA tg (hereafter RIPmOVAtg) mice express membrane-tethered ovalbumin (OVA) under the control of the rat insulin promoter. This transgene drives expression of OVA in the pancreas and kidney but also in epithelial cells of the thymic medulla, where its expression and/or presentation requires Aire. 31, 32 When (Figures 5a and c (Figure 5d, right panel) . However, the Mcl-1 transgene engendered a proportional increase in Vb5/ Va2 hi CD8SP in RIP-mOVA þ recipients whereas the BCL-2 transgene did not (Figure 5c, right panel) . These data suggest that although Mcl-1 overexpression favours accumulation of the mature Vb5/Va2 hi CD8SP thymocytes, overexpression of BCL-2 is more protective against deletion than overexpression of Mcl-1, at least to the level afforded by this transgene.
This differential was mirrored in peripheral lymphoid organs. Although a small (but significant) increase in the number of Vb5/Va2 hi CD8 þ T cells was found in the spleens of Mcl-1tg/OT-Itg/RIP-mOVAtg þ chimeras compared with control OT-Itg/RIP-mOVAtg chimeras (Figure 5e ), greater numbers were found in the BCL-2tg OT-Itg/RIP-mOVAtg chimeras (Figure 5e ).
These data indicate that overexpression of either Mcl-1 or BCL-2 inhibits thymic deletion (Figures 5b and e) . Nevertheless, the escaped autoreactive T cells appeared to be held in check by other tolerance mechanisms (e.g., anergy or regulation), as none of the RIP-mOVA þ chimeras expressing either of the two pro-survival transgenes developed diabetes during the 8 weeks they were observed.
We also assayed the effect of Mcl-1 and BCL-2 overexpression on RIP-mOVA-mediated deletion using the OT-II TCR tg system. OT-II tg mice express a TCR that recognises a different OVA peptide (OVA [323] [324] [325] [326] [327] [328] [329] [330] [331] [332] [333] [334] [335] [336] [337] [338] [339] Figures 1c, 2a-f) . Protection against dexamethasone-induced death, however, was not as prolonged for thymocytes from the Mcl-1tg mice as for those from vavP-BCL-2tg mice (Figure 1c) , apparently due to degradation of Mcl-1 after 24 h (Figure 2 ). This observation suggests that glucocorticoid treatment may be a useful therapeutic adjuvant for lymphomas and leukaemias overexpressing Mcl-1.
The major goal of this study was to investigate whether overexpression of Mcl-1 perturbed the apoptotic processes that shape the T-cell repertoire. We first tested whether Mcl-1 could protect thymocytes against anti-CD3-mediated deletion, which is driven by elevated expression of Bim. 12 Indeed, the protection afforded by overexpression of Mcl-1 was comparable to that provided by overexpression of BCL-2, both in vivo and in vitro (Figure 3) , albeit not as great as that found in the absence of Bim. 12, 13 We next crossed the Mcl-1tg mice with different TCR tg models developed to investigate positive and negative selection of thymocytes. In the H-Y model, 28 expression of the Mcl-1 transgene significantly increased the number of H-Y TCR þ CD8SP thymocytes in female mice whereas expression of the BCL-2 transgene did not (Table 1 and Figure 4c ). This finding suggests that overexpression of Mcl-1 has a greater impact upon positive selection than overexpression of BCL-2, and/or that it affects CD8SP survival and accumulation more. The latter scenario is consistent with the high sensitivity of CD8SP to Mcl-1 deletion 11 and the inability of Bcl-2 overexpression to fully overcome this requirement. 22 Furthermore, mice with reduced thymic Mcl-1 expression had defective positive selection in the H-Y model. 34 Taken together, these data suggest that endogenous Mcl-1 levels are limiting for positive selection and important for CD8SP maturation.
Overexpression of Mcl-1 and BCL-2 inhibited deletion in male H-Ytg mice to a similar extent (Figure 4a ), primarily by increasing the survival of thymocytes downregulating CD8 (Table 1) , a common escape mechanism in this model, 28 although CD8SP H-Y TCR þ thymocytes were also elevated. Similar effects on thymocyte selection were observed in two other TCR transgene settings (OT-I and OT-II), where deletion is induced at the DP-to-SP transition by a neo-antigen (OVA) that requires Aire for its presentation in the medulla. 31, 32 Both Mcl-1 and BCL-2 overexpression increased positively selected OT-I thymocytes to a similar extent, although Mcl-1 favoured modest expansion of OT-I CD8SP with high levels of TCR. Whether this proportional increase (consistent with data from the H-Y system) reflects an effect of Mcl-1 overexpression on DP precursors or is intrinsic to the CD8SP compartment might be addressed by conditional overexpression following positive selection. Under negative selecting conditions, overexpression of Mcl-1 was less effective than BCL-2 at rescuing CD8SP thymocytes from deletion in the medulla. Given the results in the H-Y system, these data suggest that the capacity of Mcl-1 overexpression to inhibit apoptosis induced by high-avidity TCR stimulation depends upon the thymocyte subset that is subject to deletion. Such differences would likely reflect the differential expression of proapoptotic Bcl-2 family members by thymocyte subsets. It is also possible that the extent to which Mcl-1 overexpression can inhibit deletion depends on the strength of the TCR stimulus provoked by interaction with cognate peptide-MHC complexes.
Of note, neither BCL-2 nor Mcl-1 overexpression impaired deletion of autoreactive thymocytes to the same extent as Bim deficiency in these same TCR tg models (Bouillet et al. 12 and Moran et al. 35 our unpublished data). The greater impact of Bim deficiency may reflect its capacity to neutralise all prosurvival Bcl-2 family members, thereby preventing them from blocking activation of proapoptotic Bax and Bak. 17, 18 If deletion of autoreactive thymocytes relies on a Bak-dependent step, 22 the observation that Bcl-2 binds Bax but not Bak 19 could explain why overexpression of BCL-2 does not inhibit deletion as effectively as loss of Bim. As Mcl-1 can interact with both Bak and Bax, 19 however, this hypothesis would not readily explain why increased Mcl-1 was not as effective as Bim deficiency, unless the level of expression achieved for this highly unstable protein was insufficient to completely block Bak activation. Indeed, the level of tg Mcl-1 protein in thymocytes of vavP-Mcl-1 mice is at least 2-4 times lower than that of tg BCL-2 protein in vavP-BCL-2 mice. Alternatively, Bim might possess an activity beyond the sequestration of pro-survival Bcl-2 family members that is necessary for Bax and/or Bak activation during thymocyte deletion. Increasing evidence suggests that certain BH3-only proteins, including Bim, can directly activate Bax and Bak via a 'hit and run' mechanism. [36] [37] [38] Pertinently, a recent study of knockin mutant Bim mice suggests that the proapoptotic activity of Bim depends on its ability to engage with both pro-survival proteins and Bax. 39 Materials and Methods Mice. All mice used were on a C57BL/6J background and bred at the Walter and Eliza Hall Institute (WEHI). Experimental protocols were approved by the WEHI Animal Ethics Committee. Tg mouse lines used were vavP-Mcl-1 (33) 23 and vavP-BCL-2(69), 29 which, respectively, express FLAG-tagged mouse Mcl-1 protein and human BCL-2 protein, H-Y TCR, 28 OT-I TCR and RIP-mOVA. The vavP tg vector utilises haemopoietic-specific elements of the vav gene. 40 The level of tg protein in vavP-BCL-2tg thymocytes is B2-4 times higher than that in vavP-Mcl1tg thymocytes, as judged by western blots performed using BCL-2 and FLAG antibodies and a control lymphoma expressing FLAG-tagged human BCL-2, presumably due to the Mcl-1 protein having a shorter half-life and differences in the copy number or genomic location of the transgene.
Antibodies and flow cytometry. Except where otherwise indicated, antibodies were produced and conjugated to FITC, PE, biotin or APC in our laboratory. Antibodies were: anti-CD4 (YTA3.2.1), anti-CD8 (53.6.7.2), anti-TCRb (H57.59.1), anti-Va2 TCR (B20.1; BD Pharmingen, San Diego, CA, USA), antiVb5.1/5.2 TCR (MR9-4; BD Pharmingen) and anti-H-Y TCR (clone T3/70). The thymus or spleen single-cell suspensions were stained with antibody mixtures in 1% v/v fetal calf serum (FCS) in PBS at 4 1C for 20 min, washed, then analysed by flow cytometry using either a FACSCalibur or LSRII (BD Biosciences, San Jose, CA, USA and FloJo software (Tree Star, Ashland, OR, USA)). Intracellular FACS using a biotinylated rat monoclonal FLAG antibody was performed as previously described. 23 In vitro survival assays. Thymocytes labelled with fluorochrome-conjugated antibodies were sorted using a MoFlo (Cytomation) high speed sorter, seeded at a density of 20-50 000 cells/well in 96-well flat-bottom plates containing the high-glucose version of Dulbecco modified Eagle medium supplemented with 250 mM asparagine, 50 mM 2-mercaptoethanol and 10% heat-inactivated FCS (Bovogen, Melbourne, VIC, Australia), with or without cytotoxic agents (see figure  legends) , and cultured at 37 o C. Viability was assessed by flow cytometry after staining with FITC-labelled annexin V plus propidium iodide. For studies of viability following stimulation with antibodies to CD3e (145-2C11) or with antibodies to both CD3e and CD28 (37.N.51), thymocytes were seeded at 2 Â 10 6 cells/well in 6-well plates precoated with antibodies and viability of DP thymocytes was determined at the indicated time points by flow cytometry after staining with propidium iodide, FITC-labelled annexin V, APC-labelled anti-CD4 and PE-labelled anti-CD8.
Treatment with CD3 antibody in vivo. 30 mg of CD3 or control antibody (anti-TCRg; GL3-1A) in 200 ml PBS was injected into the peritoneum of 6-8-week old mice. Thymi were harvested 40 h later and their cellularity and thymocyte subset composition analysed as described above.
Haemopoietic chimeras. BM harvested from OT-Itg, BCL-2tg/OT-Itg or Mcl-1tg/OT-Itg tg mice was depleted of T cells by labelling with biotinylated CD8 and CD3 antibodies, followed by incubation with streptavidin-labelled magnetic microbeads (Miltenyi Biotec, Cologne, Germany), then depletion on an AutoMACS machine using the 'Deplete_S' programme (Miltenyi Biotec). T-cell-depleted BM cells were then injected i.v. into WT or RIP-mOVAtg mice (1 Â 10 7 cells) that had received a lethal dose of g-irradiation (2 Â 5.5 Gy, 3 h apart). After 1 day, transplanted mice were injected i.p. with 100 mg of Thy-1 antibody (T24/31; WEHI mAb Laboratory, Melbourne, VIC, Australia) daily for 2 days to deplete any residual OT-Itg T cells present in the BM inoculum. Mice were analysed 8 weeks following BM reconstitution.
Immunoblotting. Western blots of thymocyte lysates were probed with antibodies against: Mcl-1 (clone 19C4-15, WEHI mAb Laboratory); b-actin (clone AC-74, Sigma, Sidney, NSW, Australia; loading control); Bim (clone 3C5, ENZO, Exeter, UK); Bcl-2 (clone 3F11, BD Pharmingen); Bid (clone 2D1-3, WEHI mAb Laboratory); Bmf (clone 17A9, WEHI mAb Laboratory); HSP70 (clone N6, W Welch-USCF; loading control); and Puma (AbCam, Cambridge, UK). Detection was performed using HRP-conjugated secondary antibodies and ECL (Amersham Biosciences, Little Chalfont, UK).
PCR analysis. Total RNA (0.2 mg), isolated using RNeasy mini kit (Qiagen, Melbourne, VIC, Australia), was reverse-transcribed using the TaqmanRT system (Roche, Melbourne, VIC, Australia). Real-time PCR analysis was performed on cDNA using QuantiTect SYBR green PCR kit (Qiagen) on an ABI Prism 7900 (Applied Biosystems, Melbourne, VIC, Australia). Relative expression was determined using the comparative threshold cycle method and b-actin as the control. Primer sequences were as follows: b-actin: sense (5 0 -3 0 ) TATTGG-CAACGAGCGGTTC, antisense (5 0 -3 0 ) CCATACCCAAGAAGGAAGGCT; Noxa: sense (5 0 -3 0 ) ACTGTGGTTCTGGCGCAGAT, antisense (5 0 -3 0 ) TTGAGCA CACTCGTCCTTCAA.
